With use of iron histochemistry and immuno histochemistry, regional changes in the appearance of iron, ferritin, transferrin, glial fibrillary acidic protein positive astrocytes, and activated microglia were exam Abbreviations used: DAB, 3,3'-diaminobenzidine; GFAP, glial fibrillary acidic protein; MHC, major histocompatibility com plex; PB, phosphate buffer; PBS, phosphate-buffered saline.
ined from 1 to 24 weeks after transient forebrain ischemia (four-vessel occlusion model) in rat brain. Expression of the C3bi receptor and the major histocompatibility com plex class II antigen was used to identify microglia. Neu ronal death was confirmed by hematoxylin-eosin staining only in pyramidal cells of the hippocampal CAl region, which is known as the area most vulnerable to ischemia. Perls' reaction with 3,3' -diaminobenzidine intensification revealed iron deposits in the CAl region after week 4, which gradually increased and formed clusters by week 24. Iron also deposited in layers I II-V of the parietal cor tex after week 8 and gradually built up as granular depos its in the cytoplasm of pyramidal cells in frontocortical layer V. An increasing astroglial reaction and the appear ance of ferritin-immunopositive microglia paralleled the There is increasing interest in brain iron metabo lism because abnormal iron deposition in various brain regions has been reported in some neurode generative disorders such as Alzheimer disease (Goodman, 1953; Hallgren and Sourander, 1960; , Parkinson disease (Earle, 1968; Dexter et al., 1987; Sofic et al., 199 1) , amyo trophic lateral sclerosis (Ishikawa et al., 1993) , and iron accumulation in the hippocampal CAl region, indi cating that iron deposition was probably produced in the process of gliosis. Neither neuronal death nor atrophy was found in the cerebral cortex. Nevertheless, an astro glial and ferritin-immunopositive microglial reaction be came evident at week 8 in the parietal cortex. On the other hand, the granular iron deposition in the pyramidal neurons of frontocortical layer V was not accompanied by any glial reaction in the chronic stage of ischemia. Three different types of iron deposition in the chronic phase after transient forebrain ischemia were shown in this study. In view of the neuronal damage caused by iron-catalyzed free radical formation, the late-onset iron deposition may be relevant to the pathogenesis of the chronic brain dysfunction seen at a late stage after cere bral ischemia. Key Words: Astrocytes-Cerebral isch emia-Cortex-Ferritin-Hippocampus-Immunohisto chemistry-Iron-Microglia. multiple sclerosis (Craelius et a1. , 1982; Walton and Kaufmann, 1984) .
Iron in various organs is involved in the forma tion of free radicals, thus contributing to lipid per oxidation (Mead, 1976) . It has been said that recir culation of blood after transient cerebral ischemia causes an increase in low molecular weight species of iron (Krause et al., 1987) and that free radical formation initiated by iron ions leads to brain dam age by lipid peroxidation (Watson et al., 1984; Ko mara et al., 1986; Siesjo, 1988) .
Despite many studies concerned with a role of iron in neuronal damage during early stages of ce rebral ischemia (White et al., 1984 (White et al., , 1985 Babbs, 1985; Rosenthal et al. , 1992) , abnormal iron depo sition at a late stage after transient cerebral isch-emia has not yet been reported except in some cases of children who underwent a severe anoxic ischemic insult. In these children, iron accumula tion was found in the basal ganglia, thalami, and white matter (Dietrich and Bradley, 1988) .
In the four-vessel occlusion model in rats (Pulsinelli and Brierley, 1979) , which produces a severe transient forebrain ischemia, pyramidal cell death is seen in the selectively vulnerable CAl area of the hippocampus 2-3 days after the ischemic pe riod. This delayed neuronal death has been de scribed in both the four-vessel occlusion model in rats (Kirino et aI., 1984; Petito and Pulsinelli, 1984) and the 5-min bilateral common carotid artery oc clusion model in Mongolian gerbils (Ito et aI., 1975; Kirino, 1982; . The ischemic time period in the four-vessel occlusion model var ies from 10 to 30 min. It takes 10-20 min of ischemia for delayed neuronal death to develop in the hippo campal CAl pyramidal cells, while some striatal neurons are injured immediately after 30 min (Pulsinelli and Brierley, 1979; Pulsinelli et aI., 1982a) . Even 30 min of ischemia does not produce consistent neocortical injury . Several studies have shown that soon after the ischemic insult, damaged brain regions show prominent astrocytosis revealed by immunostaining for glial fibrillary acidic protein (GF AP) (Petito et aI., 1990; , as well as a microglial reaction. The latter is revealed by the expression of various molecules such as the C3bi complement receptor, major histocompatibility complex (MHC) class I and II glycoproteins, and the CD4 antigen (Gehrmann et aI., 1992; Morioka et aI., 1992) . Little, however, is known about these glial reactions in the long term.
To elucidate iron-related pathology in the brain during the chronic phase after ischemia, we inves tigated histochemically the spatial and temporal dis tribution of iron, ferritin, and transferrin (as iron binding proteins), as well as the astroglial and mi croglial reactions at 1-24 weeks after transient fore brain ischemia produced using the four-vessel oc clusion model.
MATERIALS AND METHODS

Experimental animals
Male Wi star rats (Charles River, Yokohama, Japan) weighing 300-360 g (9-10 weeks of age) were used for this study. The method of producing ischemia was the four vessel occlusion model of Pulsinelli and Brierley (1979) . Under sodium pentobarbital (50 mg/kg body wt i. p. ) an esthesia, both common carotid arteries were exposed through a ventral midline cervical incision. A silk thread was loosely placed around each artery without interrupt-ing carotid blood flow, and the incision was closed with a single suture. A second incision was made in the dorsal midline of the neck, and both vertebral arteries were elec trocauterized with a monopolar coagulator through the alar foramen of the first cervical vertebra. On the next day, under light ether anesthesia, both common carotid arteries were reexposed and occluded with aneurysmal clips to induce forebrain ischemia. At the end of 30 min of bilateral carotid occlusion, blood flow was restored by releasing the clips. Rats that became unresponsive and lost the righting reflex during bilateral carotid artery oc clusion and that showed no seizure during and after isch emia were used for the experiment. Only such animals are considered to have met the criteria for adequate ischemia (Pulsinelli et aI. , 1982b) .
Sham-operated controls (n = 4 at each time point) were treated similarly to the ischemic group, but neither of the common carotid arteries was occluded. Nonoperated control rats were also studied (n = 2).
Tissue preparation
At 1, 2, 4, 8, and 24 weeks following transient forebrain ischemia, the animals (n = 6 at each time point) were deeply anesthetized with sodium pentobarbital (60 mg/kg body wt i. p. ) and then perfusion fixed transcardially with 4% paraformaldehyde in 0. 1 M phosphate buffer (PB; pH 7.4). The brains were removed and postfixed for �24 h in the same fixative and cryoprotected, first in 15% sucrose in 0. 1 M PB and then in 30% sucrose in 0. 1 M PB. Brains snap frozen with powdered dry ice were cut coronally on a cryostat at 20 f.1m, and sections including the hippocam pus were mounted onto chrom alum/gelatin-coated slides.
Iron histochemistry
Brain iron was determined by Perls' reaction with or without 3, 3' -diaminobenzidine (DAB) intensification. The method of intensification of Perls' reaction was that described by Hill and Switzer (1984) . Sections were well rinsed in deionized water for at least 30 min, incubated in Perls' solution (1% HCIII% potassium ferrocyanide) at room temperature for 30 min, and rinsed in deionized water for 30 min. Sections without DAB intensification were counterstained with neutral red and mounted.
For the intensification of Perls' reaction, sections were incubated 20 min in 0.5% DAB in 0. 1 M PB and 15 min in the same medium including 0.005% H202, and the reac tion was stopped by rinsing in deionized water for >30 min. Sections were mounted and some were counter stained with methyl green. Control slides were carried through the DAB intensifi cation without preincubation with Perls' solution. No positive staining was found in any such control slides.
Immunohistochemistry
The following mouse or rabbit antibodies were used for immunohistochemical study: anti-ferritin polyclonal anti body (diluted 1:10; Zymet, San Francisco, CA, U. S. A. ); anti-transferrin monoclonal antibody (1: 100; Cappel, Durham, NC, U. S.A.); anti-GFAP polyclonal antibody (1:10; Nichirei, Tokyo, Japan); MRC OX-42 monoclonal antibody (1: 100; Serotec, Crawley Down, U. K. ), recog nizing the rat C3bi receptor (Robinson et aI. , 1986) ; apd MRC OX-6 monoclonal antibody (1:100; Serotec), recog nizing the rat MHC class II glycoprotein (McMaster and Williams, 1979) .
Sections were first rehydrated, washed in 10 mM phos-phate-buffered saline (PBS; pH 7.2), and then incubated with 0.5% H202 in 10 mM PBS to quench endogenous peroxidase activity. After blocking of nonspecific staining with horse or goat serum (i. e. , the same species as that of the secondary biotinylated antibody to be used), sections were incubated overnight at 4°C with one of the primary antibodies diluted with 0. 1 M PBS containing 1 % bovine serum albumin overnight. They were washed in 10 mM PBS and then incubated with biotinylated anti-mouse or anti-rabbit secondary antibodies (ABC Kit; Vector Lab, Burlingame, CA, U. S. A. ) for 1 h. They were washed again and incubated with avidin biotinylated peroxidase reagent (ABC Kit; Vector Lab) for 1 h. The peroxidation activity was visualized by incubating with 0.05% DAB, 50 mM imidazole, and 0.006% H202 in 50 mM Tris buffer (pH 7. 6) for 4-9 min. The sections were mounted directly or after counterstaining with 1% methyl green. For im munohistochemical controls, the primary antibodies were replaced by mouse or rabbit IgG at appropriate dilutions.
No positive staining was seen in any of these control sections.
Double immunostaining was performed with the anti GFAP and anti-ferritin antibodies. After staining for GF AP as described, the sections were treated with 0.5% H202 in 10 mM PBS and then stained for ferritin in a similar manner except that 1 % nickel ammonium sulfate was added in the DAB reaction.
Morphological analysis
To examine histological change in neurons following transient forebrain ischemia, hematoxylin-eosin staining and Kluver Barrera staining were performed. Atrophic changes in coronal sections were also evaluated ( Table I) .
The thickness of parietal and frontal cortices was esti mated by measuring the length between a randomly se lected brain surface and the end of layer VI vertical to that brain surface. The thickness of the hippocampus was taken as the maximum distance between the alveus and the stratum lacunosum moleculare of the hippocampal CAl region vertical to the alveus. Measurements were performed on photomicrographs of hematoxylin-eosin stained sections. Statistical evaluations were carried out using two-way analysis of variance followed by Duncan's post hoc tests.
RESULTS
One week after recirculation, pyramidal neurons m the hippocampal CAl region already showed ischemic neuronal death ( Fig. lC and D) . The neuronal debris did not disappear completely until 24 weeks after recirculation ( Fig. IE and F) . The hippocampus was severely atrophic at 24 weeks, as indicated by measurements of hippocampal thickness ( Fig. IE and F ; Table 1 ). No other region except the hippocampal CAl area showed neuronal death or atrophy in hematoxylin-eosin-stained sections up to 24 weeks after recirculation (Ta ble 1).
Iron histochemistry
In the sham-operated control rats, the mediodor sal, medial, and ventral thalamic nuclei were rela tively abundant in iron as shown by the positive Perls' DAB reaction. Iron staining was also positive in the parenchyma of the tuber cinereum. The hip pocampus showed little such staining, but iron was occasionally present in fine granular deposits in the perikarya and neuronal processes of some pyrami dal neurons in layer V and part of layer III of the frontal cortex. These iron-laden neurons were sig nificantly more numerous at 24 weeks than at 1 week after the sham operation ( Fig. 2) .
At 4, 8, and 24 weeks after recirculation in the ischemic group, the granular iron-laden pyramidal neurons of the frontocortical layer V showed an increase with time and were significantly more nu merous than in sham-operated controls (Figs. 2 and 3A and B) .
Positive staining by Perls' DAB reaction ap peared in the hippocampal CAl area ( Fig. 4D ) and in layers III-V of the parietal cortex by 4 weeks after recirculation and reached maximal levels by 8 weeks (Fig. 4E ). The staining was greater in the hippocampal CAl region than in the parietal cortex. The iron seemed to be contained mainly in micro glia, but was also seen to some extent in neurons and in the parenchyma. At 24 weeks, the number of iron-containing cells was decreased, but several iron-laden clusters could be seen in the pyramidal TABLE 1. Regional differences in brain atrophy from 1 to 24 wks after 30 min of transient forebrain ischemia cell layer of the hippocampal CAl region (Fig. 4F) , and a few intensely iron-positive small round cells were found in the parietal cortex. Of all the iron-containing structures seen using the Perls' reaction with DAB intensification, only the clusters in the hippocampal CAl region were positive in the Perls' reaction without DAB. By the nonintensified method, they showed brilliant blue staining, which suggests they contain large amounts of ferric iron.
Ferritin
In the control groups (sham operated and nonop erated), ferritin immunoreactivity was found only to a small extent in the pyramidal layer of the hippo campal CAl region (not shown).
At weeks 2 and 4 in the ischemic group, ferritin immunoreactivity was present in the hippocampal CAl area ( Fig. 5C and D) , parietal cortex ( Fig. 6C  and D) , and medial and ventral thalamus, but the staining was not distinct enough to allow identifica tion of the positive structures. At 8 weeks, how ever, microglia and some neurons in layers 111-V of the parietal cortex ( Fig. 6E) and microglia in the hippocampal CAl area (Fig. 5E ) were intensely im munostained for ferritin. By 24 weeks, ferritin im munostaining had decreased notably and only a few positive cells remained (Figs. 5F and 6F), but the 40 !!2 Qj 
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Transferrin
Transferrin immunoreactivity in the control group was detected only in epithelial cells of cho roid plexus and occasionally in perivascular cells (Fig. 3C) .
From 2 to 8 weeks after recirculation, neuronal cell bodies in layers III-V in the frontal, parietal, and temporal cortices were immunopositive for transferrin (Fig. 3D) . The staining was more intense at week 2 than at later times and had returned to negative by 24 weeks.
GFAP
In the sham-operated control group, GFAP positive astrocytes were present occasionally in the white matter, subpial area of the cerebral cortex, periventricular area, and hippocampus. These cells were small, with sparse fibrous processes (Figs. SA and 6A).
One week after recirculation, astrocytes staining densely for GFAP were increased in number in the cerebral cortex (Fig. 6B) , hippocampus (Fig. SB) , .E and medial and ventral thalamus (not shown). This increased GF AP immunostaining persisted until the 8th week in the hippocampal CAl region (Fig. SC  E) and in layers III-V of the parietal cortex ( Fig.  6C-E) , but it had returned to normal levels by the 24th week ( Figs. SF and 6F) . Enlargement of the cell bodies and processes of GFAP-positive astro cytes, as well as the increase in numbers, was ob served especially in the hippocampal CAl area at weeks 2, 4, and 8 ( Fig. SC-E) . In the remaining cortical and thalamic areas showing GF AP immu noreactivity at week 2, this staining was decreased at the later time periods.
MRC OX-42 and MRC OX-6
Microglia were immunostained by MRC OX-42 and MRC OX-6. OX-42-positive microglia in the control group were present in the white matter, ce rebral cortex (especially in the subpial area), and hippocampus; they had a resting morphology. One week after recirculation, OX-42-positive microglia appeared most remarkably in layers III-V of the frontoparietal cortex (Fig. 7B) , the CAI_3 regions and dentate gyrus of the hippocampus, and the me dial and ventral thalamus. Subsequently, OX-42 im munostaining gradually weakened and returned to normal levels by the 24th week in the parietocorti-F cal layers III-V and by the 8th week in the other regions ( Fig. 7C and D) .
In the control group, only sporadic perivascular cells were immunopositive with OX-6. At weeks I, 2, and 4, OX-6-positive microglia appeared in the cerebral cortex (Fig. 7F) , all hippocampal regions, and the medial and ventral thalamus (not shown). This immunoreactivity had decreased by the 8th week, but was still apparent in layers lII-V of the parietal cortex (Fig. 7G) , from which, however, it disappeared by week 24 (Fig. 7H ).
DISCUSSION
Neuronal death was observed only in the CAl region of the hippocampus in our study with the slices at a level of the hippocampus. However, neu ronal damage in the middle third of layer III, layers V and VI, or both in the cerebral cortex has also been reported in 30-min period of ischemia pro duced by four-vessel occlusion (Pulsinelli et aI., 1982a) . This discrepancy may result from the fact that rats from the same strain but different suppli ers, or different shipments of rats from the same supplier, vary in their response to four-vessel oc clusion (Pulsinelli and Buchan, 1988) .
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In the hippocampal CAl area, which is the region most vulnerable to ischemia, iron began to accumu late by 4 weeks after recirculation (Fig. 4D) , simul taneously with an increase in the number of GF AP positive astrocytes and advent of OX-42-and OX-6-positive microglia. Prominent iron deposition was seen at 8 weeks (Fig. 4E) , when ferritin immunore activity also became apparent, mainly in microglia (Fig. 5E) , and GFAP-positive astrocytes showed hypertrophy and stout processes ( Fig. 5C-E) . By 24 weeks, the glial reactions had subsided (Fig. 5F ) and only several clusters positive by Perls' staining ( Fig. 4F ) remained in the hippocampus showing very marked atrophy ( Fig. IE and F ; Table I ). As this time course accords with that described for gli osis, some association may exist between gliosis and disposal of the iron arising from ischemic cell death.
In the parietocortical layers III-V, iron deposi tion occurred from 4 to 8 weeks after recirculation. The accompanying astroglial and microglial activa tion was similar to that in the CAl region of the hippocampus, but neither neuronal death nor tissue atrophy was found at the light microscopic level ( are, however, functionally disturbed because of the lipid peroxidation that can take place when exces sive iron is present to generate free radicals.
In the frontal cortex, some pyramidal cells in layer V had granular iron deposits in their cyto plasm (Fig. 3A and B) , and the number of such cells was increased by ischemic insult and with time postischemia (Fig. 2) . Interestingly, however, there was not only no tissue injury or atrophy seen in the frontal cortex at the light microscopic level, but there was no glial reaction during the chronic stage after transient ischemia (8-24 weeks after recircu lation). This granular iron is almost certainly intrin sic because it also existed in sham-operated and nonoperated control animals, but why it was strik ingly increased by ischemia remains unclear. Some pyramidal cell function involving iron metabolism may be compromised by ischemic insult. This gran ular iron was immunonegative for ferritin, but the form in which it exists remains to be determined.
The iron depositions of the three types described, i.e., that in the hippocampus, parietal cortex, and frontal cortex, were so different as to the forms of iron, the time course, and the extent of glial activa tion that possible mechanisms of iron-mediated neuronal injury should be considered on a regional basis (Table 2) . Transferrin immunoreactivity was observed widely in neuronal cell bodies of the cerebral cortex from 2 to 8 weeks after recirculation (Fig. 3D ). The reason why these neurons were negative by Perls' staining may be that transferrin-bound iron is solu bilized in the staining procedure.
Microglia have been reported as an early marker for ischemic neuronal injury (Morioka et al., 199 1-1993; Gehrmann et al., 1992) , using immunostaining for immune system-related molecules such as the complement receptor, MHC class I and II glycopro teins, and the CD4 antigen. In this study, microglia appeared to be ferritin positive in the hippocampal CAl region and in layers III-V of the parietal cortex 8 weeks after recirculation (Figs. 5E and 6E) . We suggest that ferritin-immunopositive microglia may be useful as a marker to detect chronic neuronal damage.
There are several possible sources of iron depo sition in the ischemic brain. Iron commonly exists in the CNS (Youdim, 1985; Yehuda and Youdim, 1988) . In this study, iron accumulated most promi-nently in the hippocampal CAl area where neuro nal death was severe, suggesting that the iron orig inated from neuronal tissue degraded by the isch emic insult. Iron is said to be constantly absorbed from peripheral blood into the brain (Connor and Benkovic, 1992; Roberts et al., 1992) . The transfer rin immunoreactivity in the epithelial cells of the choroid plexus and in the perivascular cells in nor mal control rats indicates continuous iron uptake into the brain from both the cerebrospinal fluid and the blood. The functional disturbance of neurons, even if not accompanied by cell death, may cause some failure in transporting or utilizing iron, which could lead to its accumulation in brain regions such as the parietal or frontal cortices. It has been re ported that the blood-brain barrier is weakened on exposure to cerebral ischemia (Preston et aI., 1993) , and this provokes extravasation of plasma protein into the CNS Nordborg et al., 1991) . It is possible that excess iron migrates to the CNS during ischemia. Krause et al. (1987) reported that the level of low molecular weight species iron, which might be a prerequisite for lipid peroxidation, was strikingly increased in the brain early in recir culation after transient ischemia. This form of iron returned to normal 8 h after recirculation, although the mechanism is not clear. The possibility exists that low molecular weight species iron was distrib uted in a pattern similar to that found in this study for excessive iron. Impairment of microvascular perfusion and endothelial cell injury after cerebral isch e mia has been reported (Crowell and Olsson, 1972; Ginsberg and Myers, 1972; Hallenbeck and Dutka, 1990) , so that some iron in brain may be J Cereb Blood Flow Metab. Vol. 15. No.2. /995 from hemin iron of disrupted red blood cells in the injured microvessels.
In our recent study on this ischemia model, changes in levels of malondialdehyde and 4-hy droxyalkenals as major decomposition products of lipid peroxidation (Esterbauer and Cheeseman, 1990) were measured spectrophotometrically at 586 nm (the LPO 586 method; Bioxytech S.A., Bon neuil sur Marne, France) on tissue homogenates from the cerebral cortex and hippocampus. The level of lipid peroxidation was significantly in creased in the cerebral cortex (162.0% of controls) and in the hippocampus (170.7% of controls) at 24 weeks after recirculation (data not shown), suggest ing that neuronal damage caused by lipid peroxi dation can occur late after the ischemic insult and that accumulation or disposal of deposited iron is involved in this. By the way, protective agents against an earlier stage of cerebral ischemia previ ously reported, such as barbiturates (Hallmayer et aI., 1985; Kirino et aI., 1986) and hypothermia (Busto et aI., 1989; Welsh et aI., 1990) , may cer tainly prevent iron deposition and resulting neuro nal damage. However, in view of preventing this late-onset lipid peroxidation, it is especially inter esting to note whether iron chelators or free radical scavengers could be of therapeutic benefit. Iron chelators such as deferoxamine (Komara et aI., 1986; Kompala et aI., 1986; Rosenthal et aI., 1992) may obliterate the iron deposition and prohibit the following late-onset neuronal damage. Moreover, free radical scavengers such as the 21-aminosteroid U74006F (Hall et aI., 1988) and the inhibitor of en zymes in the arachidonic acid cascade L Y 17802 (Clemens et aI., 199 1) may also be protective with out affecting the iron deposition because they scav enge deleterious products of iron deposition. Fur ther work is in progress with these pharmacologies to elucidate the mechanistic associations between the iron deposition and neuronal damage. Regardless of the sources or mechanisms, depos ited iron may lead to lipid peroxidation in neurons and consequent slowly progressive neuronal dys function. An iron imbalance has been found as part of the pathophysiology or pathogenesis of a number of neurodegenerative disorders, including Alzhei mer disease (Goodman, 1953; Hallgren and Sou rander, 1960; Connor et aI., 1992) and Parkinson disease (Earle, 1968; Dexter et aI., 1987; Sofic et aI., 199 1) . Most work on cerebral ischemia has been focused on the acute stage. It seems possible, how ever, that the long-term pathological changes ac-companied by iron deposition after a transient isch emic insult may be very useful as a new model of chronic neuronal damage.
